We evaluated the spatiotemporal distributions of black carbon (BC) and particulate matters with aerodynamic diameters of less than 2.5 m (PM 2.5 ) concentrations at urban diesel engine emission (DEE) hotspots of South Korea. Concentrations of BC and PM 2.5 were measured at the entrance gate of two diesel bus terminals and a train station, in 2014. Measurements were conducted simultaneously at the hotspot (Site 1) and at its adjacent, randomly selected, residential areas, apartment complex near major roadways, located with the same direction of 300 m (Site 2) and 500 m (Site 3) away from Site 1 on 4 different days over the season, thrice per day; morning (n = 120 measurements for each day and site), evening (n = 120), and noon (n = 120). The median (interquartile range) PM 2.5 ranged from 12.6 (11.3-14.3) to 60.1 (47.0-76.0) µg/m 3 while those of BC concentrations ranged from 2.6 (1.9-3.7) to 6.3 (4.2-10.3) µg/m 3 . We observed a strong relationship of PM 2.5 concentrations between sites (slopes 0.89-0.9, the coefficient of determination 0.89-0.96) while the relationship for BC concentrations between sites was relatively weak (slopes 0.76-0.85, the coefficient of determination 0.54-0.72). PM 2.5 concentrations were changed from 4% to 140% by unit increase of BC concentration, depending on site and time while likely supporting the necessity of monitoring of BC as well as PM 2.5 , especially at urban DEE related hotspot areas.
Introduction
According to an assessment by the World Health Organization's (WHO) International Agency for Research on Cancer (IARC), outdoor air pollution, especially particulate matter, is carcinogenic to humans (Group 1). Furthermore, IARC reported that countries can reduce the burden of disease from stroke, heart disease, lung cancer, and respiratory diseases such as asthma by reducing air pollution levels [1] . Diesel engine emissions (DEE), known to be a source of carcinogens contained in outdoor air, is produced as a by-product of incomplete diesel fuel combustion [2] . Particulates with aerodynamic diameters of less than 2.5 m (PM 2.5 ) are a mixture of organic and inorganic components, including carbon. In rural and urban areas of central Europe, the contribution of elementary carbon (EC), to PM 2.5 was found to be 5% and 14%, respectively. At the curbside, elemental carbon contributed up to 21% of the total PM 2.5 concentrations [1] .
Black carbon (BC), carbonaceous component of particulate matter that absorbs all wavelengths of solar radiation, often called equivalent black carbon (eBC) to clarify that what is being measured may not be exactly 100% BC [3, 4] , is widely used as an indicator of DEE, and short-lived climate forcer, and known as a better indicator of harmful particulate substances from combustion sources (especially traffic) than undifferentiated PM mass. It has a higher association with the incidence of respiratory or cardiovascular diseases per unit (µg/m 3 ), as compared to PM 2.5 or PM 10 [5] . Because of the environmental health risks associated with BC, understanding exposure level to BC and development of the regulation to reduce total BC emissions is a high priority among global stakeholders, including the United States Environmental Protection Agency [6] as well as those in South Korea.
In South Korea, before the application of Euro 6 emission standards [7] , new diesel vehicle registrations were 31.5% of the total number of vehicles in 2011 and 47.1% in 2014. Therefore, concentrations of DEE-related BC and PM 2.5 in cities is expected to be increased with the number of diesel vehicle registrations. Several previous studies reported temporal and spatial variations of PM 2.5 concentrations or characteristics of PM 2.5 measured at national air quality monitoring sites or a PM 2.5 monitoring supersite South Korea [8] [9] [10] .
However, using air pollution monitoring site data, understanding air quality, especially BC and PM 2. 5 at DEE hotspots and evaluation of the association of BC with PM 2.5 concentrations are likely limited due to the lack of monitoring resolution. Assessing the hotspot-specific spatial variability of DEE-related air pollutants with increased resolution provides key information to estimate personal exposure and to identify heavily polluted areas. Mobile sampling techniques have been used because of their measurement ability that can be deployed on motor vehicles [11] [12] [13] [14] . However, because mobile sampling techniques monitor air pollution levels while moving, they are unsuitable for simultaneous capturing the fine spatiotemporal patterns at multiple places and for pinpointing periods of the day that are most detrimental to human health.
Simultaneous measurements using portable real-time monitors can provide a substantial improvement on establishing a pollution monitoring network, as compared to traditional approaches using measurements from a small number of fixed air monitoring stations. Specifically, such simultaneous real-time monitoring has proven very effective when a pollutant has a relatively short lifespan, and is subject to meteorological conditions [15, 16] . In this study, we evaluate the spatiotemporal distribution of BC and PM 2.5 concentrations from urban DEE hotspots and associate their concentrations with those of adjacent residential areas using data from portable, real-time pollution monitors.
Materials and Methods

Sampling Locations
Concentrations of BC and PM 2. 5 and at randomly selected adjacent residential areas, apartment complexes near major roadways, which were located with the same direction of 300 m (Site 2) and 500 m (Site 3) away from Site 1. Measurements were recorded on 4 days at each site to evaluate the association of concentrations of BC or PM 2.5 at diesel transportation hospots with those of adjacent residential urban areas (Figure 1 ). Four-day measurement results for each site were used because our study was conducted to evaluate the contribution of BC to PM 2.5 concentrations rather than the site representative BC and PM 2.5 concentration levels. The SHBT and CHBT are located in Seoul and Cheonan, respectively. Although buses circulating the inner city use liquefied petroleum gas (LPG), highway buses use diesel in South Korea. CETS is also located in Cheonan and almost all national train lines (the south west bound and south east bound from Seoul) intersect at this station. On each sampling day, measurements were taken thrice daily; during the morning rush hour (from 07:00 to 09:00), evening rush hour (from 18:00 to 20:00), and noon (from 12:00 to 14:00). 
PM 2.5 and BC Measurement
To ensure the simultaneous measurement of PM 2.5 and BC, real time monitors were used; the SidePak AM 510 (TSI Inc., Shoreview, MN, USA; PM 2.5 ) and AE51 (Aethlabs, San Francisco, CA, USA; BC) measured by a light scattering and optical absorption method, respectively. PM 2. 5 and BC concentration data were logged every minute during the 2-h recording period. The flow rates for the AM510 and AE51 devices were 1.7 L/min and 0.1 L/min, respectively. For this study, after we confirmed the high correlation between measurements of multiangle absorption photometer (MAAP) (Thermo fisher scientific, Waltham, MA, USA) and AE51 with slope of 0.92 and the coefficient of determination of 0.9 [17] , we applied mass absorption efficiency (MAE) of 5.0 (m 2 /g) for AE51 operated with wavelength of 880 nm which was a similar result reported by Cheng and Lin (2013) [18] .
A conversion factor of 0.4 was applied to the real time PM 2.5 concentrations obtained from AM510 using a light scattering technique to convert gravimetric method based mass concentrations [19] . The BC monitoring device (AE51) provided negative values when the difference in light attenuation between two consecutive readings was negligible. Therefore, we checked the difference in light attenuation between consecutive readings and then eliminated pairs of BC concentrations associated with a light attenuation differential below 0.05. BC data was then averaged across time intervals associated with changes in incremental light attenuation of 0.05 with a sampling interval of 1 min. Less than 1% of the data showed negative values in our study.
Statistical Analysis
The PM 2.5 and BC concentration variations between the primary and secondary measurement sites, as well as differences between the three times of the day were compared using the Mann-Whitney or Kruskal-Wallis tests, respectively. Spearman correlation coefficients were obtained measurement by sampling site and time. Log-transformation was conducted for dependent variables in regression analysis to account for the right-skewed distribution of PM 2.5 or BC concentration.
First, spatial relationships of measurement between Sites 1 and 2 or Sites 1 and 3 were evaluated by developing univariate linear regression line and comparing slopes interpreted as % change of dependent variable by unit increase of independent variable [20] and coefficients of determination providing the information of simultaneous source contribution of hotspot (Site 1) to the two adjacent locations (Site 2 or 3) with time matched PM 2.5 data. Second, we evaluated with time matched BC concentrations in the same way. The temporal relationships between the sites were examined for the three daily sampling periods; morning rush hour, noon, and evening rush hour by comparing the variation of PM 2.5 or BC concentrations in each site. Finally, we evaluated the impact of a unit increase in BC concentration on the PM 2.5 concentrations for each site. All statistical tests were carried out using SAS, version 9.4 (SAS Institute, Cary, NC, USA).
Results
Distributions of Overall PM 2.5 and BC Concentrations
Summarized distributions of the PM 2.5 and BC concentrations (median (Interquartile Range, IQR)) measured simultaneously at Sites 1, 2 and 3 for the SHBT, CHBT, and CETS locations thrice a day are shown in Table 1 
Spatial Relationships of PM2.5 and BC Concentrations between Sample Sites
Figure 2 shows the spatial associations of time matched PM2.5 and BC measurements between Sites 1 and 2, and between Sites 1 and 3. We observed a strong association of PM2.5 concentration values between Sites 1 and 3 as well 1 and 2 (slopes 0.89-0.9, coefficients of determination 0.89-0.96). Conversely, the associations of BC concentration values between sites were relatively weaker (slopes 0.76-0.85, coefficients of determination 0.54-0.72). 
Temporal Relationships of PM2.5 and BC Concentrations between Sample Sites
The temporal relationships between the three sites were examined for the three daily sampling periods: morning rush hour, noon, and evening rush hour. A summary of the slope interpreted as percent (%) change obtained from regression analyses using temporally matched data is shown in Table 2 . For PM2.5 concentrations, the temporal distributions were consistent among the three sampling time bins of each Site. However, in the case of BC, we observed that the degree of the variation of BC concentrations for the three time bins were much greater and different depending on sampling time bin. 
Temporal Relationships of PM 2.5 and BC Concentrations between Sample Sites
The temporal relationships between the three sites were examined for the three daily sampling periods: morning rush hour, noon, and evening rush hour. A summary of the slope interpreted as percent (%) change obtained from regression analyses using temporally matched data is shown in Table 2 . For PM 2.5 concentrations, the temporal distributions were consistent among the three sampling time bins of each Site. However, in the case of BC, we observed that the degree of the variation of BC concentrations for the three time bins were much greater and different depending on sampling time bin. The impact of unit increase in BC concentration on PM 2.5 concentrations was examined for each sampling place and time ( Figure 3) . It is apparent that the spatiotemporal impact of BC on PM 2.5 , expressed using a % change to PM 2.5 concentrations per unit increase of BC concentration (µg/m 3 ), differed between the sampling locations and sampling time.
The impact (%) of BC on PM 2.5 levels was higher at SHBT (Site 1: 38%, 30% and 28% for morning, afternoon and evening; Site 2: 95%, 138% and 64%; Site 3: 24%, 36% and 28%, respectively) as compared to CHBT (8%, 6% and 8%; 6%, 18% and 22%; 18%, 27% and 60%, for Sites 1, 2 and 3, respectively) and CETS (4%, 9% and 14%; 3%, 18% and 9%; 4%, 24% and 16%, for Sites 1, 2 and 3, respectively). From these analyses, we found that coefficients of determination ranged between 0.31 and 0.79 for overall sampling times at SHBT Sites 1, 2 and 3. For CETS and CHBT, the coefficients for the morning, afternoon and evening rush hour period, ranged between 0.40 to 0.81; 0.14 to 0.65; and 0.10 to 0.51, respectively. 
Discussion
Our results showed that overall median concentration levels (8-65 μg/m 3 for PM2.5; 1.8-6.3 μg/m 3 for BC) were similar or higher, compared to those measured in Brazilian urban areas (5.5-6.0 μg/m 3 and 2.2-2.4 μg/m 3 , for PM2.5 and BC respectively) [21] . However, our levels were lower than results from Dhaka (11-328 μg/m 3 for PM2.5 and 4-48 μg/m 3 for BC, respectively) [22] . Also, the difference of concentrations of PM2.5 or BC at Site 2 or 3, compared to Site 1, ranged −40% to +20% depending on sampling time. Furthermore, we found that even within the same sampling location, the contribution of BC to PM2.5 could differ depending on the sampling time by 4% to 140%.
Possible explanations for the variation of PM2.5 and BC in urban micro-environment over space and time are heterogeneity in traffic volume and type, driving mode and meteorological conditions. According to Targino et al. (2016) [21] reporting BC and PM2.5 concentrations obtained in center area (2.7 km 2 ) of midsized city in southern Brazil, lower median BC value in the afternoon, compared to that of morning, were observed with decrease (2.9-4.3%) of share of heavy-duty diesel vehicles (HDDV) in the afternoon. However, at the same time, their study reported that the increase in PM2.5 was due to non-exhaust particles and secondary particle formation and growth from the larger number of total vehicles in the afternoon [22, 23] . The study also reported that BC concentrations respond to the location of traffic signal (either on flat or inclined terrain); the level of BC at an inclined street junction with an hourly HDDV rate of 80-100 vehicle h −1 was two times higher than the BC concentration observed at a traffic signal located at a flat junction with the same traffic type and density while PM2.5 concentrations showed no association with the location of traffic light. 
Our results showed that overall median concentration levels (8-65 µg/m 3 for PM 2.5 ; 1.8-6.3 µg/m 3 for BC) were similar or higher, compared to those measured in Brazilian urban areas (5.5-6.0 µg/m 3 and 2.2-2.4 µg/m 3 , for PM 2.5 and BC respectively) [21] . However, our levels were lower than results from Dhaka (11-328 µg/m 3 for PM 2.5 and 4-48 µg/m 3 for BC, respectively) [22] . Also, the difference of concentrations of PM 2.5 or BC at Site 2 or 3, compared to Site 1, ranged −40% to +20% depending on sampling time. Furthermore, we found that even within the same sampling location, the contribution of BC to PM 2.5 could differ depending on the sampling time by 4% to 140%.
Possible explanations for the variation of PM 2.5 and BC in urban micro-environment over space and time are heterogeneity in traffic volume and type, driving mode and meteorological conditions. According to Targino et al. (2016) [21] reporting BC and PM 2.5 concentrations obtained in center area (2.7 km 2 ) of midsized city in southern Brazil, lower median BC value in the afternoon, compared to that of morning, were observed with decrease (2.9-4.3%) of share of heavy-duty diesel vehicles (HDDV) in the afternoon. However, at the same time, their study reported that the increase in PM 2.5 was due to non-exhaust particles and secondary particle formation and growth from the larger number of total vehicles in the afternoon [22, 23] . The study also reported that BC concentrations respond to the location of traffic signal (either on flat or inclined terrain); the level of BC at an inclined street junction with an hourly HDDV rate of 80-100 vehicle h −1 was two times higher than the BC concentration observed at a traffic signal located at a flat junction with the same traffic type and density while PM 2.5 concentrations showed no association with the location of traffic light. Vilcassim et al. (2014) [24] reported that BC concentrations, even in the same New York City subway station, varied depending on the train type. They found that the BC concentration dramatically increased to more than 100 µg/m 3 when a diesel-powered maintenance train passed through the station, indicating that variations in diesel traffic volume or type could significantly contribute to an elevated BC concentration. Because BC is a good indicator of DEE, it is not surprising that we found spatiotemporal differences in BC while at the same time, relatively highly consistent PM 2.5 levels at our sampling sites. Local meteorological conditions can affect an alternate way, after calculating hourly mean PM 2. 5 or BC values, we evaluated the impact of BC on PM 2.5 levels after accounting for wind speed, temperature, relative humidity and wind direction (Table A1) . We found that results from univariate regression analysis were similar to those from multivariate regression.
According to Wu and Xia's study [18] conducted in Beijing, China, during the winter of 2013, overall mass absorption efficiency (MAE) of BC was 4.2 m 2 /g, and BC concentration can be changed by applying a different MAE value as the increase MAE rate of 0.1 m 2 /g per 10%RH obtained from their study. In this study, we used MAE of 5.0 and median (IQR) hourly relative humidity over our sampling dates was 62% (55-79%). Since we conduct this study with random sampling on no rainy day over three seasons, we considered the effect of RH was relatively small; it cannot account for discrepancies in the data variability. To validate our results, after calculating hourly mean PM 2. 5 or BC values, we evaluated the impact of BC on PM 2.5 levels after accounting for wind speed, temperature, relative humidity and wind direction. We found that results from univariate regression analysis were similar to those from multivariate regression with one-hour data shown in the Appendix A (Table A1) .
Our study results were also supported by a domestic study conducted in metropolitan city of Gwangju, South Korea that reported that diurnal patterns in BC exhibited peak concentrations during the morning and evening hours, coinciding with rush-hour traffic [25] . The study also determined that two BC episodes, a high BC concentration level (>10 µg/m 3 ) and low PM 2.5 and SO 4 2− concentrations, and a high BC (>10 µg/m 3 ) and high and low PM 2.5 and SO 4 2− , could be attributed to locally produced emissions. Park and Lee's study supports our finding that the temporal relationship between BC and PM 2.5 differs depending on short term circumstances. Conclusively, in our study, consistency of PM 2.5 concentrations was possibly a result of the existence of suspended particles from tire wear or ultrafine particles from secondary formation of traffic related existing aerosols in urban micro-environment, even though there was large variation of the level of BC within 500 radius due to difference of traffic volume, type of diesel vehicle and driving conditions over sampling site and time.
According to the previous studies, a unit increase in carbon concentration was associated with a 1.45% increase in all-cause mortality [26, 27] , elevated risk of wheeze (1.45%), shortness of breath (1.41%), and total symptoms (1.30%) [24, 28, 29] . Such an impact was observed with BC concentration levels between 1 and 5 µg/m 3 , which was similar to the BC levels found in our study. Furthermore, a recent literature review by WHO found that the short-term health effects caused by exposure to BC were more significant, as compared to PM 2.5 and PM 10 . With consideration of the spatiotemporal variation of BC concentrations and its potential health impacts, our study suggests that regular BC monitoring in addition to PM 2.5 monitoring in urban diesel exhaust related hotspot areas is important to improve the health outcomes for the urban population in South Korea.
The results from this study should be interpreted with consideration to the limitations of our experimental design. Firstly, four-day measurement results for each site and location were used because our study was conducted to evaluate the contribution of BC to PM 2.5 concentrations rather than the site representative BC and PM 2.5 concentration levels. Furthermore, data regarding traffic type or traffic volume was not collected due to the difficulty of distinguishing between diesel and gasoline vehicles in South Korea. Therefore, our results could not provide insight as to the impact of vehicle type on BC or PM 2.5 concentration levels.
Secondly, despite the potential impact of meteorological conditions on the concentration level of PM 2.5 or BC, a lack of time matched data for meteorological conditions at the study sites prevented the use of a multivariate analysis at this temporal scale. Therefore, it was difficult to ascribe too much to the impact of meteorological condition.
Thirdly, our data was collected during three 2-h long sampling periods rather than continuously. Therefore, we could not provide daily concentration levels. If sampling was conducted over 24 h, diurnal and nocturnal PM 2.5 and BC concentration levels could be explained. Using hourly mean PM 2.5 and BC concentrations calculated from our data, we found the overall impact (95% confidence interval, 95% CI) of a unit increase of BC concentration on PM 2.5 was 13.0 (6.8-19.5) after accounting for meteorological conditions (Data available on Table A1 ).
Notwithstanding these limitations, our study demonstrated that the spatiotemporal distribution of PM 2.5 within a 500 m radius around a diesel emission hotspot was relatively consistent while the distribution of BC varied markedly. The implications of such different patterns between PM 2.5 and BC in urban micro-environment were potentially significant when we scaled the 500 m radius to the metropolitan city occupied by a significantly larger number of diesel vehicles traveling every day in this country. Additional research is being considered that will build on the results of the current study by refining our methods for traffic classification to include vehicle fuel type (i.e., gas vs. diesel), meteorological conditions of short-term interval as additional explanatory variables in further describing the impact of DEE on air quality.
Conclusions
Considering the spatiotemporal variation of BC concentrations and their potential health impacts, we consider that our study provides compelling evidence for support of more rigorous policy initiatives aimed at encouraging a complete implementation of new stringent exhaust emission standards for vehicles commuting in the intercity. In addition, we hope this study provides evidence to support the regular monitoring of BC and PM 2.5 in urban DEE related hotspot sites and its adjacent residential areas. Figure A1 distributions of PM 2.5 concentrations (Median (IQR)) of simultaneous measurement for three sites according to sampling place (SHBT, CHBT, CETS), sampling day (1st to 4th trial) and sampling time (Morning, Afternoon, Evening). Figure A2 distributions of BC concentrations (Median (IQR)) of simultaneous measurement for three sites according to sampling place (SHBT, CHBT, CETS), sampling day (1st to 4th trial) and sampling time (Morning, Afternoon, Evening). Figure A1 . Distributions of PM2.5 concentrations (Median (IQR)) of simultaneous measurement for three sites according to sampling place (SHBT, CHBT, CETS), sampling day (1st to 4th trial) and sampling time (Morning, Afternoon, Evening). Median ( 
